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ABSTRACT 
Ion hydration and interfacial water play crucial roles in numerous phenomena ranging from 
biological to industrial systems. Although biologically relevant (and mostly smaller) ions have 
been studied extensively in this context, very little experimental data exist about molecular scale 
behavior of heavy ions and their complexes at interfaces, especially under technologically 
significant conditions. It has recently been shown that PtCl6
2- complexes adsorb at positively 
charged interfaces in a two-step process that cannot fit into well-known empirical trends, such as 
Hofmeister series. Here, a combined vibrational sum frequency generation and molecular 
dynamics study reveals that a unique interfacial water structure is connected to this peculiar 
adsorption behavior. A novel sub-ensemble analysis of MD simulation results show that after 
adsorption, PtCl6
2- complexes partially retain their first and second hydration spheres, and it is 
possible to identify three different types of water molecules around them based on their 
orientational structures and hydrogen bonding strengths. These results have important implications 
for relating interfacial water structure and hydration enthalpy to the general understanding of 
specific ion effects. This in turn influences interpretation of heavy metal ion distribution across 
and reactivity within, liquid interfaces. 
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INTRODUCTION 
The adsorption of ions at aqueous charged interfaces drives many macroscopic processes 
including chemical separations,1 desalination,2 protein solvation,3-4 atmospheric chemistry,5-7 and 
geochemistry.8-9 Specific ion effects make modeling these processes difficult; a thorough 
understanding of the molecular-scale interactions that govern them is necessary.10 Here, 
vibrational sum frequency generation (VSFG) spectra reveal a novel interfacial water structure due 
to the adsorption of PtCl6
2- complexes at a soft charged interface. MD simulations show that this 
structure is due to PtCl6
2- partially retaining its hydration sphere after closely adsorbing to the 
interface. This results is in stark contrast to the trends observed in Hofmeister anions, where easily 
shedding the hydration sphere is correlated with a high surface affinity. A molecular-scale 
description of this unusual water structure is obtained through detailed sub-ensemble analysis of 
MD simulation, and offers a new approach to the analysis of VSFG spectra. 
Electrostatics usually control the interaction of charged particles with surfaces; however, when 
a hydrated ion is close to a charged interface, short-range weak interactions become important.11 
The interfacial chemistry is further complicated by the fact that the aqueous medium is not a 
uniform continuum, but contains considerable structural organization.12 It is known that deviations 
from ideal solvent behavior are related to specific ion effects.13-14 Although recent experimental,11, 
15-17 computational,18 and theoretical19-20 advances have improved our understanding considerably, 
the emerging view is that specific ion effects may not have a single unified explanation, especially 
when ion-ion interactions and interfacial ion-binding sites are operative.17 
The interfacial interactions of biologically relevant, and usually lighter, ions in aqueous 
environments have been extensively studied.15-16, 21-22 Yet comparable work on heavier elements, 
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including the platinum group metals (PGMs), lanthanides, and actinides, are scarce.23 This is 
despite the fact that many modern lighting, displays, and carbon-free energy technologies rely on 
the efficient refining and reprocessing of heavy metals based upon liquid:liquid extraction (LLE) 
technologies;1, 24 most of these processes involve the interaction of aqueous interfaces with the 
anionic complexes of heavy elements in highly concentrated solutions.24-26  
In addition to its practical implications, a molecular scale understanding of interfacial water in 
the presence of large ions is the best way to test the limits of the theories that explain specific-ion 
effects. It is known that the thermochemical radii of ions plays an important role in their interfacial 
interactions,23 and a recent study demonstrated qualitative differences in the adsorption behavior 
of heavy and light anions at a charged interface.27 However, the surface x-ray scattering techniques 
used in that study did not provide any information about the interfacial water structure. The current 
work leverages the well-established ability of VSFG to study interfacial water-ion interactions in 
numerous systems4, 16, 21-22, 28-30 (including Langmuir monolayers on electrolyte solutions - Figure 
1), which allows for facile control of the interactions between organic functional groups and ions.4, 
23, 29 Using this approach we provide clear evidence, a unique signal in VSFG spectra at 3600 cm-1 
appearing as a result of adsorbed ions, that heavy anions can adsorb tightly to a charged interface 
and remain strongly hydrated, indicating that adsorption behavior does not always follow 
hydration strength. The main experiments are designed to keep all parameters constant except the 
bulk concentration of PtCl6
2-, to make the interpretation of the data relatively simple. The sub-
ensemble analysis of MD simulations, and other supportive experiments also independently 
strengthen this interpretation.  
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Figure 1. A schematic of VSFG measurements at the air/water/DPTAP interface. Tunable IR and 
fixed 532 nm laser pulses overlap spatially and temporally at the interface to generate VSFG signal 
 
EXPERIMENTAL AND COMPUTATIONAL METHODS 
VSFG Setup. Experiments were done with an EKSPLA VSFG spectrometer. The VSFG setup 
begins with a picosecond laser (PL2231-50) containing a master oscillator with a Nd:YVO4 laser 
rod and a regenerative amplifier using a diode-pumped Nd:YAG rod. The amplified 1064 nm 
output is ~28 mJ with a pulse width of ~29 ps and a 50 Hz repetition rate. A Harmonics Unit 
(SFGH500-H/2H) splits the laser output into three paths; KDP crystals frequency-double two 
paths. The 1064 nm path and one of the 532 nm paths pump an OPA/DFG (PG501-DFG1P) using 
BBO/AgGaS2 crystals that produces narrowband infrared (IR) pulses tunable from ~1000-4000 
cm-1. The 532 nm polarization is adjusted with a λ/2 waveplate, and the VSFG signal is selected 
using a Glan polarizer. The IR polarization is selected by adjusting a pair of motorized mirrors that 
control the beam path through a periscope. After the sample, the visible and IR excitations are 
blocked with an iris, and are further attenuated with a 532 nm notch filter and a 510 nm shortpass 
filter. The SFG signal is then directed to a monochromator (Sol, MS2001) and collected with a 
PMT (Hamamatsu, R7899). 
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The VSFG spectrometer employs a reflection geometry; the visible and IR excitation angles, 
with respect to the sample normal, are θvis = 60º and θIR = 55º, respectively. The visible and IR 
energies at the sample are ~800 µJ and ~65 µJ, respectively. A motorized piezoelectric rotation 
stage (ThorLabs, ELL8K) rotates the sample after each frequency step to avoid sample damage. 
Each spectrum was collected with a 4 cm-1 increment over the range 2800-3800 cm-1, and averaged 
300 laser shots per point. The spectra were normalized against the SFG spectrum of z-cut quartz. 
Both the SSP and SPS polarization conditions were collected for each sample. PPP polarization 
was also collected for the highest concentration (not shown) sample and consistent with the 
interpretation presented below. The polarization conditions are defined using the industry standard, 
S(S)- VSFG signal, S(P)- VIS excitation, and P(S)- IR excitation. The electric field of P-polarized 
light is parallel to the plane of incidence, and the electric field of S-polarized (from the German 
senkrecht) light is perpendicular to the plane of incidence. 
VSFG Data Global Fit. The AIWHB band cannot be fit by a single Lorentzian (Supporting 
Information). Therefore, it is globally fit to a two-Lorentzian model, which suggests that at least 
two different water environments contribute strongly to the AIWHB band: 
 
|𝐴𝑁𝑅𝑒
𝑖𝜑𝑁𝑅 +
𝐴1𝑛
𝜔−𝜔1−𝑖𝛤1
+
𝐴2𝑛
𝜔−𝜔2−𝑖𝛤2
|
2
  (1) 
 
The nonresonant amplitude and phase (𝐴𝑁𝑅, 𝜑𝑁𝑅), the peak location (𝜔1, 𝜔2), and the peak 
width (𝛤1, 𝛤2) are linked in the global fit, and the peak amplitudes (𝐴1𝑛, 𝐴2𝑛) are allowed to float 
in each spectrum. A high-quality two-peak global fit requires one positive and one negative peak; 
however, which of the peaks is positive or negative depends on the initial guess (the absolute phase 
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cannot be determined from this experiment). The imaginary part of the fit is given by the following 
equation: 
 
𝐼𝑚(𝜒𝑟
2) =
𝐴1𝑛𝛤1
(𝜔−𝜔1)2+𝛤1
2 +
𝐴2𝑛𝛤2
(𝜔−𝜔2)2+𝛤2
2 (2) 
 
The peaks were found to be centered at 𝜔1=3534 cm
-1 and 𝜔2=3606 cm
-1. The SPS intensity is 
much stronger than the SSP intensity in the 3534 cm-1 peak, and SPS and SSP intensities are 
approximately equal in the 3606 cm-1 peak. The fit parameters and the comparison of the various 
fits based on different models can be found in the supporting information.  
FTIR Measurements. The spectra were collected with a Nicolet Nexus 870 FTIR 
spectrometer with an attenuated total reflectance accessory. 
Sample Preparation. Anhydrous lithium chloride (LiCl, 99%), chloroplatinic acid solution 
(H2PtCl6, 8 wt. % in H2O), and HPLC grade chloroform (CHCl3, ≥ 99.9%) were purchased from 
Sigma-Aldrich. 1 N hydrochloric acid (HCl) was purchased from Fisher Scientific. 1,2-dioleoyl-
3-trimethylammonium-propane (DPTAP) chloride salt was purchased in powder form from Avanti 
Polar Lipids and stored at -20° C. All chemicals were used as received. Aliquots of 0.25 mM 
DPTAP in CHCl3 were prepared and stored at -20° C. DPTAP aliquots are discarded in ≤ 5 days 
and are not subject to any freeze-thaw cycles. All subphase solutions are 20 mL, contain 500 mM 
LiCl, and are adjusted to pH 2 using 1 N HCl. The 5 mM PtCl6
2- solution is at pH ~2 without the 
addition of HCl. Ultrapure water with a resistivity of 18.2 MΩcm (Barnstead, Nanopure TOC-UV) 
was used to prepare each subphase. 
Langmuir monolayer samples are prepared in a 60x20 mm flat-form PTFE dish. A Nima 
pressure sensor (from a model 601A Langmuir trough) using a chromatography paper Wilhelmy 
 8 
plate measures the surface pressure of the Langmuir experiments are performed at room-
temperature (~20° C) and at a surface pressure between 10-13 mN/m. The Langmuir monolayer is 
prepared using drop-wise addition of 0.25 mM DPTAP in CHCl3 from a 1 µL Hamilton syringe. 
A similar system has been investigated in a Langmuir trough under fixed pressure with synchrotron 
x-ray scattering techniques.27 Those measurements suggest that the DPTAP monolayer structure 
is stable under these conditions for the duration of the experiments. The SFG measurements of the 
CH region for each sample in this study (not shown) support this expectation. 
Water Solvation Sub-ensemble Analysis. The water solvation sub-ensemble analysis 
has been performed on the trajectories of previously reported classical molecular dynamics 
(MD) simulations,27 which used the GROMACS package (version 4.5.5)31 and the 
CHARMM 36 force field.32-34 GROMACS is a generic molecular dynamics (MD) 
simulation package for molecular structure at the nanometer resolution. GROMACS has 
been extensively employed in studying proteins, surfactants, lipid bilayers, and similar 
systems.35-37 GROMACS has also been employed in studying liquid/air and solid/liquid 
surfaces.38-39 
 
Figure 2. (red) RDF between the metal center (Pt atom) and water (Ow atom), and (blue) RDF 
between the surfactant head group (N atom) and water (Ow atom) 
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The simulations were done at full PtCl6
2- surface coverage with 0.5 M LiCl background 
to represent the highest concentration experiments. The molecular area per DPTAP 
molecule in the simulations was set to 48 Å2, as determined by grazing incidence X-ray 
diffraction measurements.27 The radial distribution functions in Figure 2 are calculated 
from the MD simulations in order to determine the solvation environment of PtCl6
2- and 
DPTAP surfactant head group. The first peak of the Pt-Ow RDF at r ~ 4.25 Å corresponds 
to the first solvation shell of PtCl6
2-, with a first minimum at r ~ 5.00 Å. Thus the first 
solvation shell of PtCl6
2- can be defined as rOw..Pt < 5.00 Å. The second peak of the Pt-Ow 
RDF at r ~ 5.45 Å corresponds to the second solvation shell of PtCl6
2-, with a second 
minimum at r ~ 6.50 Å. Therefore, the second solvation shell of PtCl6
2- can be defined as 
5.00 < rOw..Pt < 6.50 Å. Similarly, in Figure 2 the first peak in the N-Ow RDF occurs at r ~ 
4.15 Å with its minimum at r ~ 6.00 Å, corresponding to the solvation shell of DPTAP 
surfactant head group. Therefore, the solvation shell of DPTAP head group can be defined 
as rOw..N < 6.00 Å. 
Considering the solvation environment of water around the metallate and surfactant head 
group, as shown in the radial distribution functions in Figure 2, we decompose the water 
molecules in our simulation box into four groups:   
AIWHB-Up: water molecules in the 1st solvation shell of PtCl6
2-, i.e. rOw..Pt < 5.00 Å; 
AIWHB-Down: water molecules in the 2nd solvation shell of PtCl6
2-, and also within the 
solvation shell of the DPTAP head group, i.e. 5.00 < rOw..Pt < 6.50 Å and rOw..N < 6.00 Å; 
WWHB-Down: water molecules outside the 2nd solvation shell of PtCl6
2- and within the 
solvation shell of the DPTAP head group, i.e. rOw..Pt > 5.00 Å and rOw..N < 6.00 Å; 
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WWHB-Up:  water molecules outside the 1st solvation shell of PtCl6
2- and also outside 
the solvation shell of the DPTAP head group, i.e. rOw..Pt > 5.00 Å and rOw..N > 6.00 Å 
 
RESULTS AND DISCUSSION 
Observation of Anion Induced Interfacial Water Structure. A typical VSFG spectrum at the 
neat air/water interface has two significant features:  a sharp peak at 3700 cm-1 corresponding to 
the free OH stretch, and a broad band between ~3050-3500 cm-1 corresponding to the OH modes 
of water:water hydrogen bonds (WWHB).16 Spreading a charged Langmuir monolayer on pure 
water leads to the disappearance of the free OH and to significant enhancement of the WWHB 
signal.28, 40 When ions are introduced to the subphase, the WWHB signal decreases or completely 
disappears depending on effect of the ion.21, 41-44 These effects usually correlate with the 
Hofmeister series and hydration strength. Larger, more polarizable ions easily shed their hydration 
shells and strongly associate with charged interfaces. For instance, the affinity of halide anions for 
the positively charged 1,2-dioleoyl-3-trimethylammonium-propane (DPTAP) interface follows the 
Hofmeister series;45 larger I- anions adsorb close enough to completely eliminate the WWHB 
VSFG signal. This is usually interpreted as the loss of orientational order of interfacial water.15, 45 
While many different salts and acids have been similarly investigated, the observed effects of these 
ions were limited solely to the changes in the intensity and shape of the WWHB peak.16 In this 
study, VSFG spectroscopy, MD simulations and sub-ensemble analysis reveal a unique interfacial 
water structure after the adsorption of PtCl6
2- to a DPTAP monolayer. One aspect of this unusual 
structure is the emergence of a weakly hydrogen-bonded interfacial water band at ~3600 cm-1. The 
water VSFG signal at 3600 cm-1, caused by the presence of interfacial ions, has not been previously 
observed. In addition, the emergence of the 3600 cm-1 signal coincides with the disappearance of 
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the WWHB signal (~3050-3500 cm-1). In contrast to the straightforward interpretation – a loss of 
orientation order – sub-ensemble analysis of MD simulation trajectories reveals that, in this 
system, the vanishing VSFG signal is a result of oppositely oriented regions of ordered water 
molecules. 
Figure 3a presents the VSFG spectra of the air/water interface and the air/DPTAP/5000 M 
PtCl6
2- solution interface from 2800-3800 cm-1 taken using SSP polarization. VSFG spectra are 
collected using the SSP and SPS polarization conditions (see Experimental Details). All PtCl6
2- 
subphase solutions contain 500 mM LiCl and are adjusted to pH 2 using HCl to mimic industrial 
separations conditions. This also helps to fix the PtCl6
2- speciation and control the PtCl6
2- 
adsorption at the interface as a function of the bulk concentration. Henceforth, the solutions will 
be delineated using only the [PtCl6
2-]. The air/water VSFG spectrum is included as a benchmark.30, 
46-48 
 12 
 
Figure 3. VSFG spectra of a DPTAP monolayer on PtCl6
2- solutions. (a) Full acquired spectral 
range (2800-3800 cm-1) including the CH and OH stretching regions compared to the air/water 
interface (b, c) SSP and SPS VSFG spectra, respectively, of the OH stretching region (3100-3800 
cm-1). Cyan lines are a global fit to the weakly hydrogen-bonded region – marked with dashed 
boxes – of the 3 highest [PtCl62-] spectra. (d) The imaginary part of the global fit. 
 
Figures 3b and 3c zoom in on the OH-stretching region (3100-3800 cm-1) of the 
air/DPTAP/PtCl6
2- solution spectra taken using the SSP and SPS polarization conditions, 
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respectively. The spectra span three orders of magnitude of PtCl6
2- concentration (5 to 5000 M), 
and include a background spectrum without PtCl6
2- (500 mM LiCl at pH 2). The air/DPTAP/water 
VSFG spectrum has been reported previously.40, 45 
The VSFG spectrum of DPTAP on 500 mM LiCl is comparable to previous results at lower 
concentrations,45 showing some WWHB signal, suggesting that Cl- partially shields the interfacial 
water molecules from the DPTAP surface charge. Also, the monolayer blocks the free-OH groups, 
eliminating the narrow 3700 cm-1 peak. The addition of 5000 M PtCl62- eliminates the WWHB 
signal, and gives rise to a new band around 3600 cm-1. The intensity and structure of the new band 
depends on the [PtCl6
2-]. Hydrogen-bonding red-shifts the water OH vibration (from ~3700 cm-1 
in free-OH to ~3050-3500 cm-1 in WWHB); since the magnitude of the red-shift depends on the 
strength of the intermolecular interaction, this new peak is due to a weakly hydrogen-bonded water 
structure. Although some previous water studies have reported weakly hydrogen-bonded peaks 
around 3600 cm-1 due to water molecules trapped in the hydrophobic tail regions of Langmuir 
monolayers,29, 49-52 this is the first evidence of an anion-induced weakly hydrogen-bonded 
(AIWHB) interfacial water structure. 
Although previous studies attribute water stretches around 3600 cm-1 to water molecules 
interacting with the hydrophobic tails of Langmuir monolayers, that is likely not the case here. A 
previous surface x-ray study on the same system shows that the area per DPTAP molecule (at a 
constant surface pressure) decreases with increasing [PtCl6
2-].27 Therefore, the addition of PtCl6
2- 
should not increase the amount of water molecules between the lipid tails. In addition, as it is 
explained in the next section in detail, our MD simulations show that only a very little amount of 
water molecules are present above the DPTAP head groups, and all of these water molecules are 
in the hydration shell of the PtCl6
2-. 
 14 
 
Figure 4. (a) FTIR spectra of 1 M HCl and 200 mM H2PtCl6 stock solutions. (b) Difference of the 
two spectra in (a) along with a Lorentzian fit. The fit is centered at 3559 cm-1. 
ATR-FTIR measurements provide further evidence that the AIWHB band arises from water 
solvating PtCl6
2- anions. Figure 4a shows FTIR spectra of 1 M HCl and 200 mM H2PtCl6 stock 
solutions. The spectrum of the highly concentrated stock solution is collected because the effect 
of PtCl6
2- anions on the bulk water spectrum is very small. The spectra are dominated by bulk 
water signal; however, the difference of the two spectra shows a peak at 3559 cm-1. This peak is 
likely due to water solvating PtCl6
2-, and is fit with a single Lorentzian (Figure 4b). This supports 
the conclusion that the VSFG band at ~3600 cm-1 is due to water molecules solvating PtCl6
2-. The 
positively charged DPTAP interface distorts the electronic structure of PtCl6
2- and induces multiple 
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water sub-ensembles, which causes the VSFG peaks to shift and induces the appearance of a band 
rather than a single peak. This is also in agreement with previous infrared pump-probe 
measurements that found the O-H---Cl- stretch centered at 3450 cm-1 and the O-H---I- stretch 
centered at 3500 cm-1.53 It is reasonable to expect a smaller red-shift for larger, more polarizable 
PtCl6
2- anions. 
The AIWHB band can be best fit by two oppositely signed Lorentzians (Figure 3d), which 
suggests that the spherically symmetric hydration shell in the bulk is changed at the interface and 
at least two different water environments contribute strongly to the AIWHB band. The peaks were 
found to be centered at 𝜔1=3534 cm
-1 and 𝜔2=3606 cm
-1. The SPS intensity is much stronger than 
the SSP intensity in the 3534 cm-1 peak, and SPS and SSP intensities are approximately equal in 
the 3606 cm-1 peak. The sign of the peaks cannot be determined directly without heterodyne 
detected VSFG (HD-VSFG) measurements, and is instead obtained by sub-ensemble analysis of 
MD simulation.  
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Figure 5. Weighted dipole orientation plot (left), a simplified representation of the water 
structures MD predicts (middle), an actual MD snapshot of the differently oriented waters 
(right). The plot (left) is the product of the average water number density (<ρ(z)>) and the 
average water orientation (<cos(θ)>) – where θ is the angle between the water dipole vector 
and the surface normal – vs the z-dimension coordinate (z(Å)). z(0) is the average position 
of the DPTAP N atoms, and the red dashed line is the average Pt position. MD plots 4 water 
sub-ensembles:  AIWHB-up (orange) and AIWHB-down (yellow) waters hydrogen bond 
to PtCl6
2-. WWHB-up (blue) and WWHB-down (cyan) waters hydrogen bond to other 
water molecules (Experimental details). The color scheme is matched across all 3 panels. 
The cartoon (middle) and snapshot (right) approximately align with the plot z – the shaded 
boxes (middle) are set to the FWHM of the MD plots. The water sub-ensembles are named 
after the predominant hydrogen-bond-donor character (WWHB or AIWHB) and the 
average H-atom orientation (Up or Down). 
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Water Solvation Sub-ensemble Analysis. We next analyze the dipole orientation and water 
organization with MD simulations. The product <ρ(z)><cos(θ)>, the average water number 
density weighted by its orientation, has been shown to be a useful estimate of VSFG intensity.54-
55 The orientational angle (θ) of individual H2O molecules is defined as the angle that the dipole 
moment vector of H2O makes with the surface normal. Figure 5 presents <ρ(z)><cos(θ)> of four 
different interfacial water environments versus the z-dimension; the gas phase is on the top (z < -
10 Å), and the water bulk is on the bottom (z > 15 Å). The total <ρ(z)><cos(θ)> may obscure 
structural details if there are multiple water environments (with different vibrational frequencies) 
at the same distance (z) from the interface. As such, we decomposed the total <ρ(z)><cos(θ)> into 
sub-ensembles of different intermolecular interactions. This approach is a good alternative to 
calculating the VSFG spectra explicitly using MD simulations, which is resource intensive and 
requires parameter optimization for the non-ideal solutions under study.56 
Four primary water environments were ascertained based on their nearest possible interactions 
(either the N+ of DPTAP or PtCl6
2-) and explained in Figure 5. A negative <ρ(z)><cos(θ)> 
indicates that water is oriented with its H-atoms pointing away from the surface (H-down), and a 
positive value indicates that the water-hydrogens point towards the surface (H-up); this is the same 
sign convention used in Im(χ(2)) in Figure 3d. 
The MD simulations predict that the first hydration shell of PtCl6
2- has ~10 water molecules in 
the bulk, and this number drops to ~5 at the interface.27 These AIWHB-up waters mainly stay 
underneath the PtCl6
2- ions (Figure 5) and give rise to the positive peak in Figure 3d. Also a very 
little amount of water is observed to remain above PtCl6
2- which create the small and broad 
negative peak at z<0. The second hydration shell also exhibits an asymmetric structure at the 
interface. AIWHB-down waters are defined as being in the second hydration shell of PtCl6
2- and 
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in the first hydration shell of DPTAP N+. Therefore, they are closer to the interface, where the first 
hydration shell of PtCl6
2- is less dense (as can be seen by comparing the AIWHB-up (orange) and 
AIWHB-down (yellow) curves in Figure 5). This allows AIWHB-down water molecules to 
hydrogen bond to PtCl6
2-, but with a weaker intermolecular interaction than AIWHB-up waters in 
the first hydration shell. (The first and second hydration shells are defined by water distances from 
PtCl6
2-, as explained in experimental details). These AIWHB-down waters are responsible for the 
less red shifted negative peak in Figure 3d. The rest of the second hydration shell is found in the 
WWHB-up sub-ensemble, underneath the PtCl6
2-. These waters feel the negative charge from 
PtCl6
2- above and adopt an H-up orientation, hydrogen bonding to the water molecules in the first 
hydration shell, and should have a peak in the WWHB region. However, WWHB-down waters – 
which are outside the 2nd solvation shell of PtCl6
2- but within the solvation shell of N+, and adopt 
an H-down orientation due to the positive charge from DPTAP N+ – create an equal but opposite 
signal in WWHB region. Therefore, these oppositely oriented sub-ensembles cancel and no 
WWHB signal is observed in the VSFG spectrum. This is in stark contrast to other systems, such 
as I-, in which the WWHB peak disappears because the strongly adsorbed ions destroy the 
orientational ordering of water molecules.45 
Detailed Investigation of AIWHB Peak. The interpretation above depends on the assumption 
that the two peaks in the AIWHB band in Figure 3 actually originate from waters in two different 
environments, and not from a splitting of a single peak due to vibrational coupling, as is observed 
in the VSFG spectra of the air/water interface.57 We repeated the 5mM PtCl6
2- measurement in a 
50:50 volume % of H2O:D2O to address this issue (Figure 6). The intensity of the AIWHB band 
decreased approximately by a factor of two as expected, but the spectral shape did not change, 
supporting the premise that couplings do not complicate the lineshape of the AIWHB band. In 
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Figure 6, the AIWHB band is also observed to appear in the absence of 500 mM LiCl, providing 
further evidence that it is a result of PtCl6
2- adsorption.  
 
Figure 6. SSP VSFG spectra of DPTAP with a surface pressure of ~10 mN/m on three different 
subphases:  5 mM H2PtCl6/500 mM LiCl in H2O (blue), 5 mM H2PtCl6/500 mM LiCl in 50:50 
H2O:D2O (black), and 5 mM H2PtCl6 in H2O. The intensity is scaled to match the 5 mM 
H2PtCl6/500 mM LiCl in H2O spectrum to show that the peak shape remains the same. 
Further details about the nature of the AIWHB band can be obtained from polarization dependent 
experiments. Wang and coworkers developed a framework to deduce the type of vibrational mode 
and molecular orientation angle from polarization dependent VSFG spectra.58-59 Interfacial water 
OH stretches have C2v or C∞v symmetry depending on whether their hydrogen atoms are in a 
symmetric or asymmetric environment, respectively.58-59 Regardless of the molecular orientation 
angle, if water adopts C∞v symmetry, the SSP spectra will be more intense than the SPS spectra, 
and if water adopts C2v symmetry, the asymmetric stretch will be much stronger in the SPS spectra, 
and the symmetric stretch will be much stronger in the SSP spectra. Therefore, the SPS/SSP 
intensity ratios of the AIWHB band suggest that it predominantly arises from the asymmetric 
stretch of water with C2v symmetry. The asymmetric water stretch has previously been observed 
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in Langmuir monolayer systems, and was attributed to water molecules interacting with the lipid 
tails 51; although this is not the first observation of the asymmetric water stretch, the fact that it is 
observed suggests that the adsorbed ions create a unique water environment, because the WWHB 
stretch at the air/water interface is dominated by the symmetric stretch.58 
Here, we presented a detailed investigation of AIWHB peak with all the tools available to us at 
the moment. Nevertheless, further investigations of AIWHB peak with HD-VSFG will be 
important to elucidate all aspects of its orientational structure, since the phase information is lost 
in the presented results. It is also important to expand these studies to other heavy anionic 
complexes, such as PdCl4
2-, to see how AIWHB peak depends on the detailed structure of the 
complex. 
CONCLUSIONS 
The results presented here provide evidence of an unexpected orientational structure of 
interfacial water due to adsorbed PtCl6
2- ions with important implications to both the role of the 
interfacial water molecules in amphiphile-ion interactions, and their detection through vibrational 
spectroscopy. Hofmeister trends are often explained using hydration energies – ions that easily 
shed their hydration shell adsorb at interfaces much more easily than strongly hydrated ions.14, 42-
45 However, PtCl6
2- anions both adsorb tightly to the DPTAP interface and are strongly hydrated.27 
The present work demonstrates that PtCl6
2- retains part of its hydration shell after adsorption and 
can keep the second hydration shell oriented (WWHB-Up), a behavior that is showing that larger 
multivalent anions behave significantly differently than their lighter Hofmeister anions. 
This system also leads to an interesting interfacial water structure with a complex profile of 
positively and negatively charged patches (Figure 5). Averaging these structures within the 
excitation volume, as is done in VSFG measurements, may lead to the loss of information. The 
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most common reason for the absence of VSFG signal is a lack of interfacial orientational order. 
However, these results highlight the fact that the absence of VSFG signal can also indicate the 
presence of oppositely ordered sub-ensembles. Therefore, integrating MD simulation and sub-
ensemble analysis with VSFG experiments is an important approach for interpretation. 
This newly observed interfacial water structure may play a crucial role in chemical processes 
(i.e. LLE) involving heavy metal anions, which usually rely on a few kBT of free energy difference 
between different phases for interfacial ion transfer.60 Interfacial water structures and hydration 
effects may create energetic barriers comparable to such small free energy differences. For 
instance, it has recently been shown that the competitive adsorption of PtCl6
2- ions on amine 
functionalized silicon surfaces61 and at DPTAP monolayers27 do not follow the predictions of mean 
field theories, and the differences are caused by hydration effects and ion-ion correlations. In a 
broader perspective, these experiments show that the generalizations that are based on lighter and 
simpler ions cannot be easily extended to predict the behavior of heavier and more complex ions 
at interfaces, and specific experiments, combined with appropriate computational tools, are 
necessary to address them. 
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